Facile synthetic routes for three 4-substituted 2,2 0 -bipyridine derivatives, 4-[2-(4-methylphenyl)ethynyl]-2,2 0 -bipyridine, C 19 H 14 N 2 , (I), 4-[2-(pyridin-3-yl)ethynyl]-2,2 0 -bipyridine, C 17 H 11 N 3 , (II), and 4-(indol-4-yl)-2,2 0 -bipyridine, C 18 H 13 N 3 , (III), via Sonogashira and Suzuki-Miyaura cross-coupling reactions, respectively, are described. As indicated by X-ray analysis, the 2,2 0 -bipyridine core, the ethylene linkage and the substituents of (I) and (II) are almost planar [dihedral angles between the two ring systems: 8.98 (5) and 9. 90 (6) for the two molecules of (I) in the asymmetric unit and 2.66 (14) for (II)], allowing -conjugation. On the contrary, in (III), the indole substituent ring is rotated significantly out of the bipyridine plane [dihedral angle = 55.82 (3) ], due to steric hindrance. The crystal packings of (I) and (II) are dominated by -interactions, resulting in layers of molecules parallel to (302) in (I) and columns of molecules along the a axis in (II). The packing of (III) exhibits zigzag chains of molecules along the c axis interacting through N-HÁ Á ÁN hydrogen bonds and -interactions. The contributions of unknown disordered solvent molecules to the diffraction intensities in (II) were removed with the SQUEEZE [Spek (2015) . Acta Cryst. C71, 9-18] algorithm of PLATON. The given chemical formula and other crystal data do not take into account these solvent molecules.
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Chemical context
The bidentate ligand 2,2 0 -bipyridine (Bpy) is one of the most studied chelate systems and has found applications in various fields, including catalysis (Kitanosono et al., 2015; Song et al., 2015) , chemosensors for metal ions (Al Abdel Hamid et al., 2011) , electroluminescent devices (Li et al., 2000) , and molecular shuttles (Lewis et al., 2016) . In particular, as a result of their unique photophysical characteristics, 2,2 0 -bipyridine derivatives are used in the synthesis of photosensitizers (Grä tzel, 2003 , Grä tzel, 2009 Chen et al., 2012; Nguyen et al., 2015) . In order to fine tune its properties, great efforts have been made to develop new synthetic methods for functionalization of this bidentate ligand by introducing various substituents (Kaes et al., 2000; Newkome et al., 2004; Ortiz et al., 2013; Norris et al., 2013) .
In this paper, we report on the synthesis of three 4-substituted 2,2 0 -bipyridine derivatives, namely 4-(4-methylphenylethynyl)-2,2 0 -bipyridine, C 19 H 14 N 2 , (I), 4-(pyridin-3-ylethynyl)-2,2 0 -bipyridine, C 17 H 11 N 3 , (II) and 4-(indol-4-yl)-2,2 0 -bipyridine, C 18 H 13 N 3 , (III), obtained from the Sonogashira (Sonogashira et al., 1975; Sonogashira, 2002; Negishi & de Meijere, 2002 ) and Suzuki-Miyaura (Miyaura & Suzuki, 1979; Suzuki, 1999; Kumar et al., 2014; Blangetti et al., 2013) cross-coupling reactions of 4-bromo-2,2 0 -bipyridine. The ethynyl bridge in (I) and (II) was introduced to decrease the steric hindrance between the pyridine ring and the aromatic substituent and at the same time to extend the -conjugation. The crystal structures as well as geometry and the molecular arrangement in the crystals of (I), (II) and (III) are reported herein.
Structural commentary
The structures of the three 4-substituted 2,2 0 -bipyridines (I), (II), and (III) were elucidated by 1 H and 13 C NMR spectroscopy using d 1 -chloroform as solvent (see Synthesis and crystallization). The 1 H NMR spectra of the three compounds show typical proton resonances and splitting patterns of the Bpy core. The proton resonances of the introduced alkyne or the heteroarene moiety are easily recognized. In the 13 C NMR spectrum of (I) and (II), the two resonance signals at about 94.3 and 86.5 p.p.m. prove the 2,2 0 -bipyridine and the tolyl or pyridine substituent to be connected by a C C linker. These signals typical for Csp carbons are not observed in the 13 C NMR spectrum of (III) as the heterocycle is directly attached to the 2,2 0 -bipyridine core.
The molecular conformations of the compounds (I), (II) and (III) determined in the X-ray structural analysis are shown in Fig. 1 . The asymmetric unit of (I) (Fig. 1a) consists of two molecules with similar conformational features (r.m.s deviation = 0.120 Å ) and are linked by a C-HÁ Á ÁN hydrogen bond (Table 1) . As expected, the aromatic substituents introduced via an ethylene bridge in (I) (Fig. 1a) and (II) (Fig. 1b) are essentially coplanar with the 2,2 0 -bipyridine core, as indicated by the dihedral angles between the aromatic moieties, viz. 8.98 (5) and 9.90 (6) in (I) and 2.66 (14) in (II). On the other hand, the indole moiety and the bipyridyl ring are out of plane in (III) (Fig. 1c ) in order to reduce the van de Waals repulsion between H5 with H19 and H3 with H17, the dihedral angle between the mean planes of the bipyridine core and indole ring being 55.82 (3) . The 2,2 0 -bipyridyl groups in the three compounds exhibit trans conformations and the pyridine rings are essentially coplanar, as indicated by the dihedral angles between the best planes through the two pyridine rings, viz. 3.40 (9) and 10.81 (9) in (I), 0.4 (2) in (II) and 11.66 (7) in (III). These values are within the range 0.8-28.5 observed for the 2,2 0 -bipyridine derivatives substituted at the 4-position with an aromatic substituent ( Table 4 ). All of these structural characteristics are consistent with those in our previous report (Nguyen et al., 2014) .
In conclusion, we have described facile synthetic procedures for 4-alkynylated and 4-arylated 2,2 0 -bipyridines by means of the Sonogashira and Suzuki-Miyaura cross-coupling reactions of 4-bromo-2,2 0 -bipyridine. Based on this strategy, two novel 4-alkynylbipyridines and one 4-aryl-2,2 0 -bipyridine were synthesized whose structures were partially elucidated by NMR spectroscopic methods. In addition, the X-ray structural analysis revealed the planarity of the 4-alkynylbipyridines as the triple-bond linker separates the bipyridine and the introduced aromatic parts. This provides a hint for fine-tuning the electronic properties of this ligand by introducing suitable substituents. On the other hand, the introduced heterocyclic ring in compound (III), formed via SuzukiMiyaura cross-coupling is twisted from the 2,2 0 -bipyridine ring due to the van der Waals repulsive force of the hydrogen atoms in close proximity.
Supramolecular features
The crystal packing of (I) is dominated by pyridine -pyridine and pyridine -phenyl stacking interactions [ Fig. 2 ; Cg1Á Á ÁCg3 i = 3.7769 (11) and Cg4Á Á ÁCg5 ii = 3.8707 (11) Å ; Cg1, Cg3, Cg4 and Cg5 are the centroids of the N1/C2-C6, C15-C20, N22/ C23-27 and N28/C29-C33 rings, respectively; symmetry codes: (i) Àx, Ày, Àz; (ii) Àx, Ày + 1, Àz]. The molecules lie in layers parallel to (302) and within these planes, neighboring molecules interact with each other through C-HÁ Á ÁN hydrogen bonds (Table 1) .
Similarly, -interactions between the pyridine rings of (II) result in columms of molecules along the a-axis direction [Cg1Á Á ÁCg1 i = Cg2Á Á ÁCg2 i = Cg3Á Á ÁCg3 i = 3.7436 (3) Å ; Cg1, Cg2, and Cg3 are centroids of the N1/C2-C6; N7/C7-C12 and N15/C16-C20 rings, respectively; symmetry code: (i) x + 1, y, z]. Neighboring columns interact by C-HÁ Á ÁN hydrogen bonds (Fig. 3, Table 1 Hydrogen-bond geometry (Å , ) for (I). Symmetry code: (i) x; y þ 1; z.
Figure 3
Crystal packing of (II) viewed along the a axis. C-HÁ Á ÁN hydrogen bonds between neighboring columns of stacked molecules are shown as blue dotted lines. Voids are contoured (green grid) at 0.2 Å away from the molecular surface resulting in a total void volume of 375 Å 3 . [Symmetry codes: (i) x À 1, Ày + 
Figure 2 Hydrogen-bond geometry (Å , ) for (III).
Cg1, Cg2, Cg3 and Cg4 are the centroids of rings N13/C14-C16/C21, N1/C2-C6, N7/C8-C12 and C16-C21, respectively. 
Database survey
An extension of the -conjugated system of 2,2 0 -bipyridine can be obtained by the introduction of an aromatic substituent. A search in the Cambridge Structural Database (CSD, Version 5.38, last update February 2017; Groom et al., 2016) for crystal structures of 2,2 0 -bipyridine derivatives substituted at the 4-position with an aromatic substituent resulted in 13 unique hits (excluding organometallic compounds) with substituents ranging from smaller phenyl and triazine rings to bipyridine, naphthalene, anthracene and phenanthrene to a larger pyrene ring (Table 4) . However, it is evident from the dihedral angle between the best planes through pyridine and its aromatic 4-substituent (varying from 0.0 to 73.8 ) that the degree of extension of the -conjugated system depends on the steric hindrance of the substituent and the -interactions in the crystal packing.
Synthesis and crystallization
The compound 4-bromo-2,2 0 -bipyridine was prepared using literature procedures (Egbe et al., 2001) . The alkynylated and arylated Bpy derivatives (I), (II), and (III) were prepared by the palladium-catalyzed Sonogashira and the palladiumcatalyzed Suzuki-Miyaura cross-coupling reactions.
(a) Synthesis of 4-(4-methylphenylethynyl)-2,2 0 0 0 -bipyridine (I) by the Sonogashira reaction: Toluene (4.0 ml) was deaerated by exchanging between a vacuum and a stream of argon (3 times). To this argon-saturated solution were added 4-bromo-2,2 0 -bipyridine (59 mg, 0.25 mmol, 1.0 equiv), Pd(PPh 3 ) 4 (28.5 mg, 0.025 mmol, 10 mol%) and CuI (10 mg, 0.050 mmol, 20 mol%). The pale-yellow mixture obtained was degassed again as described above. To the reaction mixture, a solution of p-tolylacetylene (34.8 mg, 0.3 mmol, 1.2 equiv) in argon-saturated toluene (1.0 ml) was added dropwise over 15 minutes. The reaction mixture was heated at 323 K for 4 h. The reaction mixture turned reddish brown when the crosscoupling completed as indicated by TLC (EtOAc:n-hexane 1:4, v/v). The reaction mixture was diluted with EtOAc, washed with water (3 times), dried over anhydrous Na 2 SO 4 , and concentrated under reduced pressure. The residue was purified by SiO 2 column chromatography to furnish the 4-alkynated 2,2 0 -bipyridine (I) as a brownish yellow solid (43 mg, 64%). M.p. 365-367 K; Table 4 4-Substituted 2,2 0 -bipyridines present in the Cambridge Structural Database a .
The dihedral angle py-py is defined as the angle between the best planes through both pyridine rings and the dihedral angle py-Ar is defined as the angle between the best planes through the 4-substituted pyridine and the aromatic substituent. 2, 155.6, 149.2, 149.1, 139.5, 137.0, 132.7, 131.8, 129.2, 125.2, 123.9, 123.2, 121.1, 119.2, 94.3 and 86 .5 (C C), 21.6 (-CH 3 ). Besides the desired cross-coupling product, a small amount of the Glaser homo-coupling byproduct was also observed. Single crystals of (I) suitable for X-ray structure analysis were obtained by recrystallization from chloroform. 3, 155.3, 152.4, 149.4, 149.3, 149.2, 138.7, 137.0, 131.6, 125.1, 124.0, 123.2, 123.2, 121.2, 119.5, 90 .2 (C C). Single crystals of (II) suitable for X-ray structure analysis were obtained by recrystallization from ethyl acetate.
(c) Synthesis of 4-(1H-indol-4-yl)-2,2 0 0 0 -bipyridine (III) by the Suzuki-Miyaura reaction: Toluene was degassed by exchanging between a vacuum and a stream of argon (3 times). 5-Bromo-2,2 0 -bipyridine (58 mg, 0.25 mmol, 1.0 equiv) and Pd(Ph 3 P) 4 (28.8 mg, 0.025 mmol, 10 mol%) were dissolved in this degassed toluene (4 mL). To the obtained solution, H 2 O (1 ml), K 3 PO 4 (105.5 mg, 0.5 mmol, 2.0 equiv), and 1H-indol-4-ylboronic acid (48.3 mg, 0.3 mmol, 1.2 equiv) were added. The reaction was stirred vigorously under an argon atmosphere at 383 K until TLC (n-hexane-ethyl acetate 95:5,v/v) indicated the complete consumption of the starting material. The reaction mixture was filtered to remove insoluble particles. The filtrate was washed several times with H 2 O, dried over Na 2 SO 4 , and concentrated under reduced pressure by rotary evaporation. The residue was purified by SiO 2 column chromatography (n-hexane-ethyl acetate 97:3, v/v) to furnish the desired 4-arylated 2,2 0 -bipyridine (III) as a yellow solid (32.5 mg, 48%). M.p. 356-357 K; 5, 156.3, 150.7, 149.4, 149.1, 136.9, 136.4, 129.9, 128.5, 125.3, 123.7, 121.7, 121.4, 121.3, 119.6, 119.2, 111.6, 103 .2. Single crystals of (III) suitable for X-ray structure analysis were obtained by recrystallization from chloroform. Computer programs: CrysAlis PRO (Rigaku OD, 2015) , SHELXS97 (Sheldrick, 2008) , Olex2.solve (Bourhis et al., 2015) , SHELXL2014 (Sheldrick, 2015) and OLEX2 (Dolomanov et al., 2009 ).
Structure solution and refinement
Crystal data, data collection and structure refinement details are summarized in Table 5 . The structures of (I) and (III) were solved using SHELXS97 (Sheldrick, 2008) and for (II) by charge flipping using Olex2.solve (Bourhis et al., 2015) . All hydrogen atoms were placed in idealized positions and refined in a riding mode with U iso (H) = 1.2 times those of their parent atoms (1.5 times for methyl groups), with C-H distances of 0.95 Å (aromatic) and 0.98 Å (CH 3 ) and N-H distances of 0.88 Å . For (II) a region of electron density amounting to the scattering from approximately 10.7 carbon atoms, apparently disordered in channels between columns of stacking molecules, was removed with the SQUEEZE routine of PLATON (Spek, 2015) after it proved impossible to identify it with any reasonable solvent molecule. A suggestion of possible twinning generated by PLATON (Spek, 2009 ) was further checked but subsequent refinement did not improve and was neglected. For all compounds, data collection: CrysAlis PRO (Rigaku OD, 2015 ); cell refinement: CrysAlis PRO (Rigaku OD, 2015) ; data reduction: CrysAlis PRO (Rigaku OD, 2015) . Program(s) used to solve structure: SHELXS97 (Sheldrick, 2008) for (I), (III); Olex2.solve (Bourhis et al., 2015) for (II). Program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015) for (I), (III); SHELXL (Sheldrick, 2015) for (II). For all compounds, molecular graphics: OLEX2 (Dolomanov et al., 2009) ; software used to prepare material for publication: OLEX2 (Dolomanov et al., 2009) . Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > 2sigma(F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. 119.8 C19-C20-H20 120.0 C1D-C41-H41A 109.5 C18-C21-H21A 109.5 C1D-C41-H41B 109.5 C18-C21-H21B 109.5 C1D-C41-H41C 109.5 C18-C21-H21C 109.5 H41A-C41-H41B 109.5 H21A-C21-H21B 109.5 H41A-C41-H41C 109.5 H21A-C21-H21C 109.5 H41B-C41-H41C 109.5 H21B-C21-H21C 109.5
179.53 ( Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. Refinement of F 2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F 2 , conventional R-factors R are based on F, with F set to zero for negative F 2 . The threshold expression of F 2 > 2sigma (F 2 ) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F 2 are statistically about twice as large as those based on F, and R-factors based on ALL data will be even larger. 
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